White-opaque switching in the human fungal pathogen Candida albicans is an alternation between two distinct types of cells, white and opaque. White and opaque cells differ in their appearance under the microscope, the genes they express, their mating behaviors, and the host tissues for which they are best suited. Each state is heritable for many generations, and switching between states occurs stochastically, at low frequency. In this article, we identify a master regulator of white-opaque switching (Wor1), and we show that this protein is a transcriptional regulator that is needed to both establish and maintain the opaque state. We show that in opaque cells, Wor1 forms a positive feedback loop: It binds its own DNA regulatory region and activates its own transcription leading to the accumulation of high levels of Wor1. We further show that this feedback loop is self-sustaining: Once activated, it persists for many generations. We propose that this Wor1 feedback loop accounts, at least in part, for the heritability of the opaque state. In contrast, white cells (and their descendents) lack appreciable levels of Wor1, and the feedback loop remains inactive. Thus, this simple model can account for both the heritability of the white and opaque states and the stochastic nature of the switching between them.
I
n this article, we examine the interconversion between two distinctive types of cells in the human fungal pathogen Candida albicans. This interconversion, which plays important roles in both pathogenesis and mating, exemplifies two characteristics shared by many examples of cell differentiation: The conversion from one cellular state to another is stochastic, and each state, once formed, is heritable for many generations.
The property of C. albicans we investigate is called whiteopaque switching, and it refers to an alternation between two distinctive types of cells, white and opaque (1) . White cells generally give rise to white cell progeny, but, approximately every 10,000 generations, a white cell spontaneously switches to the opaque form, which then will produce opaque cell progeny for many generations (2, 3) . Conversely, an opaque cell can spontaneously switch back to the white form, and the progeny of this cell will remain in the white form for many generations. Any molecular mechanism for white-opaque switching therefore must account for the ability of each state to stochastically convert to the other as well as the heritability of each state, once formed.
White and opaque cells of C. albicans differ in many features (for reviews, see refs. [4] [5] [6] . They are easily distinguished under the microscope, with white cells appearing nearly spherical and opaque cells appearing larger and more elongated. When grown on agar plates, white cells form white, dome-shaped colonies, whereas opaque colonies are darker and lie flatter against the agar. Many, if not all, of the differences between white and opaque cells are due to differences in gene expression: For example, mRNAs from Ϸ400 genes (Ϸ7% of the genome) are present in significantly different levels in white compared with opaque cells (7, 8) . These genes cover a wide range of functions including adhesion, drug resistance, metabolism, virulence, and mating.
Although the full range of biological roles for white-opaque switching are only beginning to be appreciated, a few specific examples are well documented. C. albicans can colonize many different niches in the mammalian host, and white and opaque cells differ significantly in this regard. Although white cells are more suited for bloodstream infections, opaque cells are better at colonizing skin surfaces (9) (10) (11) . Thus, white-opaque switching provides C. albicans with two distinctive types of cells that interact differently with the host. White-opaque switching also has a key role in the mating of C. albicans. White cells mate poorly (if at all), whereas opaque cells mate with high efficiency (12) . The key role of white-opaque switching in mating also is reflected by the fact that the mating-type locus of C. albicans controls white-opaque switching: Whereas a and ␣ cells (the mating forms) are permissive for switching, a͞␣ cells cannot switch and remain locked in the white form. This block to white-opaque switching in a͞␣ cells is mediated through the a1-␣2 heterodimer, a transcriptional repressor (12, 13) .
In this article, we investigate the molecular mechanism of white-opaque switching. We begin by identifying a master regulator of white-opaque switching, the WOR1 gene. We show that strains deleted for WOR1 are locked in the white form and that ectopic expression of WOR1 in white cells converts the population en masse to opaque cells. Ectopic WOR1 expression also can override, at least partially, the a1-␣2 block to whiteopaque switching. We show that Wor1 protein is normally present at very low levels in white cells but accumulates to high levels in opaque cells through the action of a positive feedback loop: Wor1 binds to its own promoter and activates its own synthesis. Finally, we show that a pulse of ectopically expressed Wor1 in white cells converts the entire population to opaque cells and that these opaque cells continue to give rise to opaque progeny for many generations after the ectopic construct has been turned off. Based on these results, we propose a simple model, a self-sustaining transcriptional feedback loop present in opaque but not white cells, that can account for the stochastic nature of white-opaque switching and for the heritability of each of the two states.
Results
Identification of WOR1 as a Regulator of White-Opaque Switching. To identify genes controlling white-opaque switching, we based our strategy on the observation that the a1-␣2 heterodimer blocks white-opaque switching (12) . We therefore considered all genes repressed by a1-␣2 in white cells as candidate regulators of white-opaque switching. Six a1-␣2 repressed genes [CEK2 (orf19.460), STE2 (orf19.696), FGR23 (orf19.1616), FAR1 (orf19.7105), CAG1 (orf19.4015), and WOR1 (orf19.4884)] were identified in our previous microarray analysis (8), and we constructed two independent knockout strains for each gene in an a cell background. All of the mutant strains underwent white-to-opaque switching at normal frequencies (14) , as monitored by sectored colony formation (typically 2-5% of colonies show opaque sectors), except for the two strains deleted for the WOR1 gene (based on the work in this article, WOR1 was named as White-Opaque Regulator 1). These strains failed to switch; that is, they appeared locked in the white phase. In the course of this work, we examined Ͼ6,000 colonies of the wor1⌬ strains and never observed an opaque colony or sector. Note that C. albicans is diploid and that construction of a knockout strain requires sequential disruption of both gene copies. For convenience, we will denote strains deleted for both copies of the WOR1 gene simply as wor1⌬ mutants.
WOR1 codes for a class of conserved fungal proteins that have been implicated in several biological processes but whose precise biochemical function is not known (Fig. 1) . For example, Schizosaccharomyces pombe has two proteins closely related to WOR1: GTI1 regulates alternative sugar uptake (16) , and PAC2 regulates sexual development (17) . The C. albicans WOR1 gene was identified (as EAP2) by its ability to enhance adhesiveness to polystyrene when introduced into Saccharomyces cerevisiae, but the basis of this effect has not been investigated (18) . We show in this article that Wor1 is a transcriptional regulator, a result strongly suggesting that all members of this protein class share this function.
Ectopic Expression of WOR1 Converts an Entire Population of White
Cells to Opaque Cells. As described in the Introduction, white a or ␣ cells typically switch to the opaque form once every Ϸ10,000 generations. When a copy of the WOR1 coding region was placed under control of the MET3 promoter (19) and its expression was induced in white a cells, the entire population of white cells was converted to opaque cells (Fig. 2) . We identify these cells as bona fide opaque cells by four criteria: They have the cell shape characteristic of opaque cells (Fig. 2 A and B) , they form colonies with the highly characteristic morphology of those formed by normal opaque cells (data not shown), they up-regulate transcription of opaque-specific genes and down-regulate whitespecific genes (Fig. 2C) , and they respond to mating pheromone in the way that only opaque cells do: by forming highly characteristic mating projections (ref. 14; Fig. 2D ). Control experiments demonstrate that the pMET3-WOR1 construct has no significant effect on white-opaque switching unless it is induced ( Fig. 2 A) ; in addition, the nutritional conditions used to regulate the MET3 promoter have no effect on white-opaque switching in cells that lack the pMET3-WOR1 construct (data not shown). We considered the possibility that Wor1 also could regulate hyphal growth in C. albicans, thereby confusing our identification of opaque cells by their increased length-to-width ratios. To test this possibility, we monitored hyphal growth in the wor1⌬ strains on spider medium and on YEPD ϩ 10% serum and found it to be normal (data not shown). Thus, WOR1 is necessary for opaque cell formation but not for hyphal cell formation.
Wor1 Activates Its Own Transcription and Binds to Its Own Promoter.
When WOR1 is expressed ectopically in white cells, transcription from the endogenous copies of WOR1 is strongly induced, demonstrating that Wor1 activates its own transcription (Fig.  3A) . As indicated in the figure, the endogenous transcript is considerably larger than that produced from the pMET3-WOR1 construct and is easily distinguished from it.
The simplest model for Wor1 activating its own transcription predicts that Wor1 binds to its own DNA regulatory region. Inspection of the Wor1 amino acid sequence indicated that it lacks all of the conventional motifs associated with sequence-specific DNA binding or other aspects of transcriptional regulation. We Protein sequences were aligned by using ClustalW (15) , which identified a highly conserved region at the N terminus of each protein (blue). For instance, C. albicans Wor1 and Sc. pombe Gti1 are 53% identical across the conserved region. C. albicans Wor1 protein is 785 aa in length, and the other proteins are drawn to scale. and EFG1 and the opaque-specific genes SAP1 and OP4. All values were normalized to PAT1, a transcript that is not regulated by white-opaque switching. (D) Ectopic expression of WOR1 in white cells renders them sensitive to the mating pheromone ␣-factor. This specialized property of true opaque cells is visualized by the formation of mating projections on the ends of the cells (14) . Cells were treated with ␣-factor (10 g͞ml in DMSO) or an equivalent amount of DMSO as a control. In A and B, ''ON'' and ''OFF'' indicate the expression of the pMET3-WOR1 construct, as controlled by media conditions. For strains that lack the pMET3-WOR1 construct, media conditions are designated by ''ON'' or ''OFF.'' For experiments shown in C and D, strains were grown in media that induces pMET3-WOR1 expression. All strains are a strains.
therefore experimentally tested the idea that Wor1 is a transcriptional regulator of its own gene by ChIP. Protein-DNA complexes were cross-linked in opaque cells, sheared, and precipitated by using affinity-purified antibodies directed against a Wor1 peptide. As shown in Fig. 4 , the Wor1 protein specifically occupies several discrete positions upstream of its gene. For this experiment, all values for immunoprecipitated DNA were normalized to an ADE2 control; the peaks of Wor1 occupancy are Ϸ10-fold above both the ADE2 values and those of the ''troughs'' in the WOR1 upstream region. Control experiments demonstrate that no significant precipitation of the WOR1 control region is observed in white a, a͞␣, or a wor1⌬ cells (Fig. 4) .
Although we have not formally shown that Wor1 binds DNA directly, binding seems likely given the multiple discrete sites of occupancy in the WOR1 upstream region. If true, this binding could mean that Wor1 exemplifies a previously undescribed motif for sequence-specific DNA recognition.
Wor1 Protein Accumulates to High Levels in Opaque Cells. The results of the ChIP experiments described above demonstrate that Wor1 occupies its own DNA regulatory region in opaque but not in white cells of the same genotype (Fig. 4) . A simple explanation for this finding is that Wor1 is present at a much higher concentration in opaque cells than in white cells, thereby driving its DNA occupancy. As shown in Fig. 3A , the WOR1 transcript is present at higher levels in opaque cells than white cells, a result also consistent with previous microarray experiments (7, 8) . In the experiment of Fig. 3B , we monitored levels of Wor1 protein by Western blot analysis of crude extracts prepared from a variety of white and opaque strains. Consistent with the mRNA regulation, the results clearly show that the Wor1 protein is present in much higher concentrations in opaque cells compared with white cells. The immunoblot also shows that, when induced, the pMET3-WOR1 construct does not grossly under-or overexpress the Wor1 protein. This experiment also includes a series of control experiments that unambiguously establish that the antibodies specifically recognize the Wor1 protein; these same antibodies were used in the ChIP experiments of Fig. 4 .
A Pulse of WOR1 Expression Is Sufficient to Stably Convert White Cells
to Opaque Cells. Our results indicate that Wor1 turns on its own transcription, resulting in high levels of the protein in opaque cells. In contrast, the protein is expressed at very low levels in white cells. These observations suggest a simple model for white-opaque switching based on a positive feedback loop: In white cells, levels of Wor1 protein are below the threshold needed to activate its own synthesis; switching to opaque cells occurs when this threshold is exceeded and the feedback loop is activated. According to this model, the positive feedback loop should be self-sustaining; that is, once excited, it should persist for many generations. In this regard, the model makes two important predictions, which we test in turn.
First, if the model is correct, ectopic expression of WOR1 in white cells should be needed only transiently to convert the population to stable opaque cells. In other words, ectopic expression of WOR1 should be needed to initially excite the feedback loop, but continued ectopic expression should not be required to maintain it. This prediction was borne out by the experiment of Table 1 (lines 1 and  2) . Here, ectopic expression of WOR1 was induced in white cells for several generations, converting the population to opaque cells, and then shut off. Many generations later (enough to form a colony from a single cell), these cells were still in the opaque form, and they continued to give rise to opaque progeny cells. Thus, the cells retained a memory of the pulse of ectopic WOR1 expression, faithfully maintaining the opaque state for many generations after the original stimulus had been removed.
A second prediction of the feedback loop model is that continued expression of Wor1 should be needed to maintain the opaque state; that is, Wor1 should be needed not only to establish but also to maintain the opaque state. To test this prediction, we deleted the endogenous copies of WOR1 and introduced the pMET3-WOR1 construct. When the construct was induced in white cells, the population converted to a mix of cells types, with many resembling true opaque cells but others showing a less elongated shape. However, when the pMET3-WOR1 construct was turned off, all of the cells, including those resembling true opaques, reverted to white cells as judged by both cell appearance and colony morphology (Table 1, lines 3  and 4 ). This experiment shows that, unless the endogenous copies of WOR1 are present, a pulse of Wor1 expression from the ectopic construct is not sufficient to generate a heritable opaque CAF2-1, a, white) and strain 3 (CAF2-1, a, opaque) show the differential expression of Wor1 between white and opaque cells. Strain 4 (a, pMET3-WOR1), strain 5 (a, wor1⌬ ϩ pMET3-WOR1) , and strain 6 (a͞␣, pMET3-WOR1) show that the pMET3-WOR1 construct is tightly regulated by media conditions and that the protein is not grossly overexpressed. Strain 7 (SN87, a, white) and strain 8 (SN87, a, opaque) again show the differential expression of Wor1 in white versus opaque cells. The blot was stripped and reprobed with ␣-Tub1 as a loading control. ''ON'' and ''OFF'' indicate media conditions used to regulate the pMET3-WOR1 construct, as described in Fig. 2 . state. Thus, Wor1 is necessary for both the establishment and the maintenance of the opaque state.
Ectopic Expression of WOR1 Can Override the a1-␣2 Block to WhiteOpaque Switching. As discussed in the Introduction, white-opaque switching can occur in a cells and ␣ cells, but is blocked in a͞␣ cells by the transcriptional repressor a1-␣2. We present four lines of evidence that argue that the a͞␣ block to white-opaque switching is due to repression of WOR1 transcription by a1-␣2. First, as discussed above, WOR1 is absolutely required for white-opaque switching, hence, its repression would be sufficient to block switching. Second, our previous work (8) showed that WOR1 transcription is indeed repressed by a1-␣2. Third, a1-␣2 binding sites are highly conserved between C. albicans and Sa. cerevisiae (20) , and we found a close match (TTGATGTGATTTTTAACACG) to the composite consensus sequence in the WOR1 upstream region. To provide a fourth test of the idea that the a͞␣ block to white-opaque switching is due to repression of WOR1, we introduced the pMET3-WOR1 construct into a͞␣ cells and induced expression of WOR1. We observed conversion en masse of the population to an opaquelike form: Many, but not all, of the cells resembled true opaque cells under the microscope (Fig. 5A) ; the colonies resembled, but were not identical to, those formed by true opaque cells (not shown); and opaque-specific genes were induced, and white specific genes were repressed (Fig. 5B) . As for the case of the wor1⌬ strain, continued expression of the pMET3-WOR1 construct was required to maintain this state: When the construct was turned off in the a͞␣ strain, the cells reverted to the white form (Table 1 , lines 5 and 6). This experiment shows that ectopic expression of WOR1 partially can override the a͞␣ block to white-opaque switching and, in combination with the other observations cited above, demonstrates that repression of WOR1 by a1-␣2 is sufficient to explain why a͞␣ cells cannot undergo white-opaque switching. The experiment also confirms that expression of the endogenous copies of WOR1 is necessary to maintain the heritability of the opaque state once the ectopic construction is turned off.
Discussion
Discovered nearly 20 years ago, white-opaque switching in C. albicans is an interconversion between two different types of cells, white and opaque. As reviewed in Introduction, white and opaque cells differ in their appearances, the genes they express, the host tissues they are most suited for, and their mating behavior. White-opaque switching in C. albicans embodies two critical features of gene expression that underlie numerous examples of cell differentiation. First, switching is stochastic, occurring on average once per 10,000 cell generations. Second, the two states are heritable; that is, white cells give rise to white progeny and opaque cells to opaque progeny. This inheritance proceeds for many generations until a cell spontaneously switches to the other form.
In this article, we investigate the molecular mechanism of whiteopaque switching. We first identify a master regulator of whiteopaque switching, the WOR1 gene. We show that this gene is required for white-opaque switching, and that, when ectopically expressed, it converts wholescale a population of white cells to opaque cells. We show that WOR1 forms a positive feedback loop: The protein binds to its own promoter, activates its own transcription, and accumulates to high levels in opaque cells. We demonstrate that this feedback loop is self-sustaining by showing that a pulse of ectopic WOR1 expression is sufficient to convert a whole population of white cells into opaque cells and that these cells continue to generate opaque cell progeny many generations after the pulse was ended. We also provide an explanation for the genetic block to white-opaque switching in a͞␣ cells: The a1-␣2 heterodimer represses WOR1 expression. These results show that WOR1 is a master regulator of white-opaque switching and that it is required both to establish and maintain the opaque state. We Ectopic expression of pMET3-WOR1 was induced by growth on appropriate media, and strains formed opaque or opaque-like colonies as described in Results. When replated onto media that represses expression of the pMET3-WOR1 construct, only the a strains that contain the endogenous copies of WOR1 were able to maintain the opaque state. Fig. 5 . Ectopic expression of WOR1 in a͞␣ cells induces opaque-like characteristics. Ectopic expression of WOR1 was regulated by using the pMET3-WOR1 construct in a͞␣ strains. (A) Ectopic expression of WOR1 causes white cells to resemble opaque cells in appearance. Cell dimensions were measured in differential interference contrast images, and populations of cells were compared based on the distribution of length͞width ratios for 50 cells per strain for each condition. ''ON'' and ''OFF'' indicate media conditions used to regulate the pMET3-WOR1 construct, as described in Fig. 2. (B) Ectopic expression of WOR1 in white cells causes them to express genes characteristic of opaque cells. Quantitative RT-PCR was used to monitor transcription of the white-specific genes WH11 and EFG1 and the opaque-specific genes SAP1 and OP4 under conditions that induce the pMET3-WOR1 construct. All values were normalized to PAT1, a transcript that is not regulated by white-opaque switching.
propose that it does so by forming a self-sustaining positive feedback loop, which produces high levels of the protein in the opaque state. It seems likely that, in addition to turning on its own expression, Wor1 activates a set of opaque-specific genes, whose expression endows the opaque state with its specialized properties.
In its most succinct form, our model for white-opaque switching is given in Fig. 6 . a͞␣ cells cannot undergo whiteopaque switching because WOR1 transcription is repressed. In a and ␣ white cells, WOR1 is expressed at low levels, below the threshold necessary to excite the WOR1-positive feedback loop. According to the model, the level of WOR1 expression in white cells exhibits cell-to-cell variation (noise) and, in a population, the threshold level of WOR1 will be exceeded in a small number of cells. In these rare cells, the feedback loop will be activated, Wor1 levels will accumulate, and the cells will switch to the opaque form. A similar idea can explain the switch from opaque back to white: If the levels of WOR1 expression drop below the threshold needed for self-activation, the feedback loop will be broken, and cells will revert to the white form. The selfsustaining feedback loop model also explains the heritability of the two states. According to the model, white cells give rise to white cells because their progeny receive only low levels of Wor1 protein. In contrast, opaque cell progeny would receive sufficiently high levels of Wor1 to maintain the feedback loop.
Although the simplified model of Fig. 6 , in principle, can account for the critical features of white-opaque switching, the actual circuitry probably includes additional features that further stabilize the white and opaque states. For example, Wor1 binds to multiple positions in the WOR1 upstream region, and cooperative effects may well sharpen the switch-like behavior of the white-opaque transition. It is also possible that WOR1 levels in white a and ␣ cells are kept low by a repressor, thereby ensuring a low (but observable) switching rate, and the production of this repressor is antagonized as Wor1 levels increase. It is also possible that the high levels of WOR1 production in opaque cells are limited, perhaps by a negative feedback loop. The structure of the WOR1 gene itself is consistent with additional regulatory inputs: Its mRNA contains extensive untranslated regions, and the DNA control region appears to be on the order of 8 kb in length.
In closing, we note that our experiments establish that whiteopaque switching is almost certainly an epigenetic phenomenon; that is, switching creates a heritable change without altering the primary DNA sequence. (Technically, a small, reversible DNA rearrangement cannot be rigorously ruled out, but this idea seems highly unlikely in light of the experiments presented here.) In eukaryotes such as C. albicans, epigenetic changes often are attributed to heritable changes in chromatin structure, but we are proposing a very different type of model for white-opaque switching: the inheritance of a diffusible protein that directs its own production. This idea is reminiscent of the epigenetic alterations between the immune and antiimmune states of Escherichia coli containing derivatives of bacteriophage (21) . In this case, inheritance of the immune state is based on a diffusible protein (the repressor), which activates its own synthesis.
Many challenges remain in understanding white-opaque switching in C. albicans. Given the apparent absence of this type of phenomenon in many other fungi, including Sa. cerevisiae, it is possible that white-opaque switching coevolved during C. albicans' long association with warm-blooded animals (22) . Perhaps producing two distinct types of cells has enabled C. albicans to thrive in the hostile environment created by an evolving innate immune system. The simple mechanism we have proposed suggests that an epigenetic phenomenon like whiteopaque switching easily could have evolved from more conventional (that is, nonheritable) types of transcriptional circuits.
Materials and Methods
Media. Standard laboratory media have been described in ref. 23 . Synthetic complete medium plus 2% glucose and 100 g͞ml uridine (SCDϩUrd) was used to maintain strains in the white and opaque phases at room temperature. Supplemented Lee's medium (1) was supplemented further with 70 g/ml Arg͞81 g/ml Ade͞0.023 g/ml His͞100 g/ml Urd. For the MET3 induction experiments (18) , cells were grown in SCDϩUrd-lacking Met and Cys (SD-Met-CysϩUrd). To repress the MET3 promoter, SCDϩUrd was supplemented with 2.5 mM each of Met and Cys. Strains were grown on solid media for 5-7 days at room temperature before inoculating liquid cultures used in the experiments described below.
Plasmids. To generate pMET3-WOR1, the WOR1 ORF was amplified from SC5314 genomic DNA by using primers containing BglII and AvaI restriction sites and was cloned into BamHI͞BspEI-digested pCaEXP (18) , creating plasmid pRZ25.
Strain Construction. All strains were derived from SC5314. With the exception of the cag1⌬ mutant, the a strains were generated by growth on sorbose-containing medium, as described (see ref. 14 and references therein). Mating type was determined by PCR (12) .
The cag1⌬ mutant was derived from RM1000: Urablaster methods by using pCH152 disrupted the MTLa1 and MTLa2 genes (24, 25) , and the two alleles of CAG1 were disrupted by using HIS1 and URA3 markers (26) . This strains also contains a maltose-inducible STE3 construct, generated from pAU15 (27) .
Deletions of CEK2, FGR23, FAR1, and WOR1 were created from the parent strain RZY47, an a derivative of SN87 (-His -Leu) generated by sorbose selection (28) . The target genes were disrupted by using the fusion PCR strategy as described in ref. 28 . For each target gene, at least two independent deletion mutants were generated from independent heterozygous mutants.
The fusion knockout strategy also was used to create a wor1⌬ mutant in SN78 (a͞␣ -His -Leu -Ura) (28) . The strain then was transformed with linearized pRZ25 (containing pMET3-WOR1) to direct integration to the RP10 locus (18) . Proper integration was verified by using PCR. This strain was sorbose-selected on media supplemented with 2.5 mM Met and Cys to generate a isolates.
The pRZ25 plasmid also was transformed into CAI4 (-Ura) or RZY9 (a derivative of CAI4). These strains are referenced as pMET3-WOR1 (a͞␣ or a) in the text. As controls, pCaEXP was introduced into CAI4 or RZY9 to create pMET3 control (a͞␣ or a) strains.
DNA sequences of C. albicans genes were obtained from the Candida Genome Database (www.candidagenome.org). Fungal protein sequences were obtained from Proteome Bioknowledge Library (www.proteome.com).
White-Opaque Switching Assays. White-opaque switching assays were performed as described in ref. 12 , with the following modifications. Each strain was streaked onto supplemented Lee's medium (described above) and grown for 5 days at 25°C. Cells then were plated onto SCDϩUrd and grown for 7 days at room temperature, at which time the colonies were monitored for the 
